Background: CD44 mediates vascular barrier integrity via regulation of VE-cadherin and CD31 expression. Results: CD44 regulates cell proliferation and specific caspase-mediated apoptosis via modulation of CD31 and VE-cadherin expression through the Hippo pathway. Conclusion: CD44 modulates proliferation and apoptosis of microvascular endothelial cells. Significance: CD44 regulates endothelial cell survival by modulating specific cell adhesion molecules via the Hippo pathway.
CD44 is a widely expressed alternatively spliced, post-translationally modified transmembrane glycoprotein that has been implicated in a diverse array of cell behaviors, including cell-cell and cell matrix interactions, migration, differentiation, and survival (1) (2) (3) (4) (5) . CD44 has been shown to interact with a variety of extracellular and intracellular ligands, including hyaluronan as well as translocation to the nucleus, resulting in a diverse range of signaling pathway activations under physiological and pathophysiological conditions (6 -16) . Its known roles in the modulation of vascular endothelial cells include maintaining a functional vascular barrier (17, 18) and modulating angiogenesis (19) .
Recently, we (20) and others (21) have documented roles for CD44 in the regulation of Th17 and Treg lymphocytes in experimental autoimmune encephalomyelitis, and we have noted that CD44 plays a significant role in the maintenance of central nervous system (CNS) microvascular barrier integrity (22) . We have documented a role for CD44 in mediating its modulation of vascular barrier integrity via regulation of PECAM-1 (platelet endothelial cell adhesion molecule) (CD31) expression, specifically by CD31 modulation of endothelial cell junctional integrity (22) .
In light of our recent findings, we now report our findings on the roles of CD44 in modulating both proliferation and apoptosis of microvascular endothelial cells via its modulation of CD31 and VE-cadherin expression via Hippo pathway activation. In this report, we demonstrate persistent increased proliferation and reduced activations of both effector and initiator caspases in high cell density, post-confluent CD44 knock-out (CD44KO), 2 and CD31KO cultures and that reconstitution with murine CD44 or CD31 restored the proliferative and caspase activation rates to WT levels under high cell density conditions. In addition, we have confirmed that the CD31 ectodomain plays a key role in specific caspase cascades (23) as well as cell adhesion-mediated cell growth and found that CD31 deficiency results in a reduction in VE-cadherin expression. We also show that both CD44KO and CD31KO endothelial cells exhibit a reduced VE-cadherin expression correlating with increased survivin expression and increased YAP nuclear localization, consistent with inactivation of the Hippo pathway, resulting in increased PCNA expression and caspase inhibition. These findings support the concept that CD44 mediates several of its effects in endothelia through modulation of cell junctional molecule expression (e.g. CD31 and VE-cadherin), which, in addition to its known modulation of junctional integrity, matrix metalloproteinase levels and activation, interactions with cortical membrane proteins, and selected signaling pathways, modulates proliferation and apoptosis (22) (23) (24) (25) (26) (27) (28) (29) , further defining the integrated roles of CD44, VE-cadherin, and CD31 as critical regulators of vascular function.
EXPERIMENTAL PROCEDURES
Endothelial Cell Culture-Brain endothelial cells (BEC) were isolated from cerebral microvessels of C57BL/6 wild type (WT-BEC) and CD44-knock-out (CD44KO-BEC) 6-week-old mice (B6.129(Cg)-Cd44 tmlHbg /J) (Jackson Laboratory, Bar Harbor, ME) back-crossed to a C57BL/6 background as described previously (22) . CD31-knock-out microvascular endothelial cells were isolated from brain (CD31KO-BEC) and lung (CD31KO-LEC) microvasculature from 6-week-old CD31KO mice as described elsewhere (30) . For rescue experiments, we used murine CD44-or CD31-reconstituted endothelial cells (CD44KO-BEC-mCD44, CD44KO-BEC-mCD31, and CD31KO-LEC-mCD31) as well as empty lentiviral vector pLVX-IRES-Puro (Clontech) constructs (WT-BEC-VO and CD44KO-BEC-VO) (22, 30) . Endothelial cells were cultured on 1.5% gelatin-coated plates in endothelial cell medium (Dulbecco's modified Eagle's medium (DMEM) with high glucose (Invitrogen) containing 10% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 10 mM HEPES (pH 7.4), 10 Ϫ5 M ␤-mercaptoethanol, 100 units/ml penicillin, and 100 g/ml streptomycin) in 8% CO 2 at 37°C. Cells were used between passages 22 and 24. Endothelial cells were cultured under normoxic (20% O 2 ) conditions at high cell density (over 90% confluence).
Cell Proliferation Analysis-To study the role of CD44 and CD31 in cell proliferation, we demonstrated growth curves of WT-BEC, CD44KO-BEC, WT-BEC-VO, CD44KO-BEC-VO, CD44KO-BEC-mCD44, CD44KO-BEC-mCD31, CD31KO-BEC, CD31KO-LEC, and CD31KO-LEC-mCD31. Each cell type was plated at 3000 cells/well in 96-well plates (n ϭ 4 each). At 24, 48, 72, 96, 120, 144 , and 168 h after plating, the wells were washed with PBS (pH 7.4). After freezing-thawing, wells were treated with 200 l of the dye/cell lysis buffer using the CyQUANT cell proliferation assay kit (Invitrogen). After incubation at room temperature for 5 min, the sample fluorescence was measured using the Wallac 1420 fluorescence microplate reader (PerkinElmer Life Sciences) with filters for 485 nm. For proliferation rate analysis, initial and secondary proliferation rates were determined as follows: initial proliferation rates for WT-BEC, CD44KO-BEC-mCD44, CD44KO-BEC-mCD31, and CD31KO-LEC-mCD31 ϭ (average cell number at 72 h Ϫ 48 h)/24; initial proliferation rates for CD44KO-BEC, CD31KO-BEC, and CD31KO-LEC ϭ (average cell number at 120 h Ϫ 72 h)/48; secondary proliferation rates for all endothelial cells ϭ (average cell number at 168 h Ϫ 120 h)/48. Cells were used at passage 23.
Antibodies-Antibodies against mouse CD31 ecto-domain (affinity-purified SL-4) were raised in rabbits and purified as described elsewhere (31) . Rabbit polyclonal antibodies against mouse caspase-3 (catalog no. 9662), cleaved caspase-3 (Asp-175) (catalog no. 9661), caspase-6 (catalog no. 9762), caspase-7 (catalog no. 9492), caspase-9 (catalog no. 9504), caspase-10 (catalog no. 9752), and caspase-12 (catalog no. 2202); rabbit monoclonal antibodies against cleaved caspase-8 (Asp-387) (D5B2; catalog no. 8592), Apaf-1 (D5C3; catalog no. 8969), cytochrome c (D18C7; catalog no. 11940), survivin (71G4B7; catalog no. 2808), YAP (D24E4) (catalog no. 8418), and phospho-YAP (Ser-127) (D9W2I; catalog no. 13008); and a mouse monoclonal antibody against proliferating cell nuclear antigen (PCNA) (PC10; catalog no. 2586) were purchased from Cell Signaling Technology, Inc. (Danvers, MA). Rat monoclonal antibody against VE-cadherin (11D4.1; catalog no. 550548) was purchased from BD Biosciences (San Jose, CA). A mouse monoclonal antibody against mouse ␤-actin (AC-15; ab6276) and rabbit polyclonal antibodies against Ki-67 (ab15580) and VE-cadherin (ab33168) were purchased from Abcam (Cambridge, MA). Rabbit polyclonal antibodies against Histone H1 (FL-219) and secondary antibodies raised in donkeys against rabbit IgG (sc-2313) and mouse IgG (sc-2318), which were conjugated to horseradish peroxidase (HRP), were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Every caspase antibody was confirmed to detect full-length caspase as well as the cleaved (active) form.
Preparation of Cell Lysates-Cells were rinsed twice with cold PBS (pH 7.4) containing 1 mM sodium orthovanadate (Na 3 VO 4 ) and then lysed with radioimmune precipitation assay buffer (EMD Millipore, Billerica, MA) supplemented with 1% SDS, protease inhibitor (Roche Applied Science), and phosphatase inhibitor mixtures (EMD Millipore), and 1 mM PMSF. Cell lysate samples were placed on ice for 30 min, vortexed thoroughly, and then centrifuged at 14,000 rpm for 15 min to remove insoluble materials. After the total protein was determined using the Pierce TM BCA protein assay kit (Thermo Fisher Scientific Inc.), an aliquot of 12 g of protein samples was resuspended in SDS-sample buffer and boiled for 5 min.
Nuclear and Cytoplasmic Fractionation-Confluent 60-mm dishes of WT-BEC, CD44KO-BEC, and CD31KO-BEC cells were harvested with 0.05% trypsin-EDTA and centrifuged. Cells were washed twice with cold PBS and pelleted by centrifugation. Nuclear and cytoplasmic fractionation was performed using NE-PER nuclear and cytoplasmic extraction reagents (catalog no. 78833) (Thermo Scientific Inc.) according to the instructions. Protease and phosphatase inhibitors as mentioned above were added to cytoplasmic extraction reagent I and nuclear extraction reagent. Protein concentrations of nuclear and cytoplasmic fractions were determined by the BCA protein assay kit, and an aliquot of 10 g of protein was resuspended in SDS-sample buffer and boiled for 5 min.
Western Blot-Samples suspended in sample buffer were subjected to 10 -15% SDS-PAGE under reducing conditions, and the gels were transferred to polyvinylidene difluoride (PVDF) membranes (EMD Millipore). The membranes were incubated with 1% bovine serum albumin (BSA) in 50 mM Trisbuffered saline (pH 7.4) containing 0.1% Tween 20 (TTBS) for 1 h at room temperature to block nonspecific protein binding followed by overnight incubation of the membranes in TTBS containing primary antibody diluted at 1:200 (anti-histone H1), 1:1000 (anti-caspase-3, -6, -7, -8, -9, -10, and -12, Apaf-1, cytochrome c, VE-cadherin (ab33168), survivin, YAP, and phospho-YAP), 1:2000 (anti-PCNA), 1:2500 (anti-CD31), and 1:5000 (anti-␤-actin). After washing with TTBS, the membranes were reacted with HRP-conjugated secondary antibodies diluted at 1:10,000 in TTBS for 1 h at room temperature. Target protein bands were detected using Western Lightning enhanced chemiluminescence substrate (PerkinElmer Life Sciences) according to the manufacturer's instructions. Quantitation was performed on scanned densitometric images using Quantity One software (Bio-Rad) in triplicate experiments.
Neutralizing CD31-To study a role of the CD31 ecto-domain in endothelial cell morphology and caspase signaling, WT-BEC cells were plated at 1.0 ϫ 10 5 cells into 6-well plates and incubated for 72 h at 37°C. Cells were treated with 1 or 5 g/ml anti-CD31 antibodies (affinity-purified SL-4), which recognized the ecto-domain of CD31, and phase-contrast microscopic photos were taken in every 24 h (24, 48, and 72 h) after plating using an Olympus inverted research microscope IX-70 (Center Valley, PA) equipped with a MicroFire TM camera and PictureFrame TM version 1.0 software for Macintosh (OPTRONICS, Goleta, CA) and Photoshop CS6 software (Adobe, San Jose, CA) on a Macintosh computer. After incubation for 72 h, cells were lysed, and active caspase-3 and -8 expression was determined by Western blot as mentioned above. For control studies, equivalent concentrations of IgG isolated from prebleed serum were treated instead of anti-CD31 antibodies.
Immunofluorescence-Confluent cultures of WT-BEC-VO, CD44KO-BEC-VO, C44KO-BEC-mCD44, CD44KO-BEC-mCD31, CD31KO-BEC, CD31KO-LEC, and CD31KO-LEC-mCD31 cells, grown on 6-well plates, were fixed with 4% paraformaldehyde in 50 mM HEPES buffer (pH 7.3) for 20 min, permeabilized for 20 min with 0.2% Triton X-100 in PBS (pH 7.4). To prevent nonspecific protein binding, cells were incubated with 5% BSA in PBS containing 0.05% Triton X-100 (T-PBS) for 1 h at room temperature. The cells were then incubated with the primary antibodies (VE-cadherin (11D4.1), diluted at 1:50 in T-PBS; CD31 (SL-4) and YAP (D24E4), 1:200; cleaved caspase-3, 1:300; cleaved caspase-8 (D5B2) and survivin (71G4B7), 1:400; Ki-67, 1:500; and phospho-YAP (D9W2I), 1:2000) overnight at 4°C and further with secondary antibodies (Alexa Fluor 488-or 594-conjugated goat anti-rabbit IgG (HϩL) or anti-rat IgG (HϩL) (Invitrogen) (diluted at 1:100) and Alexa Fluor 594 phalloidin (A12381) (Invitrogen) (diluted at 1:40)) in T-PBS for 1 h at room temperature. Finally, cells were counterstained with DAPI, diluted at 1:5000 in T-PBS for 10 min at room temperature. Digital fluorescence images were captured on an Olympus IX71 inverted microscope equipped with a MicroFire TM camera and PictureFrame TM version 1.0 software for Macintosh (OPTRONICS) and Photoshop CS6 software (Adobe) on a Macintosh computer.
Statistical Analysis-All data are means Ϯ S.D. for a series of experiments. Statistical analysis was performed by unpaired Student's t test using GraphPad Prism version 6 for Windows (GraphPad Software Inc., La Jolla, CA). p values less than 0.05 were considered significant. Each significant p value is mentioned in the figure legends.
RESULTS
In light of the known roles of CD44 in a wide variety of cellular functions and behaviors (1-3, 6 -8, 11, 12, 17, 32) and our documentation of its role as a modulator of CD31 and VEcadherin expression (22) (Fig. 4, second panel) , we embarked on a series of studies to elucidate the role of its effects on proliferation and apoptosis via its effects on CD31 and VE-cadherin expression.
CD44 Plays a Key Role in Regulating Endothelial Cell Proliferation via Modulation of CD31 and VE-cadherin
Previous studies by our laboratory (27, 29) and others (33) have demonstrated that CD31 affects proliferation in a variety of cells. Here we show that the absence of CD44 significantly decreased the initial proliferation rate (measured from 48 to 72 h in WT and mCD44-and mCD31-reconstituted cells and from 72 to 120 h in CD44KO cells) of brain microvascular endothelial cells (Fig. 1, A and B) . In contrast, the absence of CD44 increased the secondary proliferation rate (measured from 120 to 168 h for all cell samples) ( Fig. 1, A and B) . Further, reconstitution of the CD44KO with full-length recombinant mCD44 rescued the proliferative phenotype back to the WT phenotype (Fig. 1, A and B) . We recently observed that CD44KO also exhibited a reduction in CD31 protein and mRNA compared with WT and WT-VO cells, whose levels were restored upon reconstitution with mCD44 and mCD31 (22) , and here we confirm this observation ( Fig. 4, second panel) . Examination of proliferation rates in CD44KO reconstituted with mCD31 also restored the initial and secondary proliferation rates to WT levels ( Fig. 1, A and B) . Fig. 1C illustrates similar confirmatory findings using PCNA analyses showing lower proliferative rates in WT-BEC-VO, CD44KO-BEC-mCD44, and CD44KO-BEC-mCD31 compared with the CD44KO-BEC-VO cultures. Additionally, Ki-67 labeling of WT-BEC-VO, CD44KO-BEC-VO, CD44KO-BEC-mCD44, and CD44KO-BEC-mCD31 cultures yielded similar results, with the CD44KO-BEC-VO cells exhibiting robust nuclear labeling compared with WT and CD44and CD31-reconstituted cultures (Fig. 1D ). Significantly high expression of Ki-67 in CD44KO-BEC-VO cells compared with WT-BEC-VO, CD44KO-BEC-mCD44, and CD44KO-BEC-mCD31 cells was confirmed by Western blotting (data not shown).
In order to better elucidate the effect of the absence of CD31 on endothelial cell proliferation rates, we employed lung microvascular endothelial cells devoid of CD31 (CD31KO-LEC) and reconstituted with mCD31 (CD31KO-LEC-mCD31). Fig. 1, A  and B , illustrates the similar profile of WT and CD31KO-LEC-mCD31 cells, which exhibit a greater initial proliferation rate compared with CD31KO-BEC and CD31KO-LEC cells devoid of CD31 expression. We also observed the complete loss of CD31 expression in both CD31KO-BEC and CD31KO-LEC compared with WT-BEC and CD31KO-LEC-mCD31 cells by Western blotting (data not shown) as well as immunofluorescence ( Fig. 4, second panel) . The differences in initial and sec- ondary proliferation rates of CD31KO-LEC and CD31-LEC-mCD31 cells are similar to the profiles observed for CD44KO-BEC and CD44KO-BEC-mCD44 (or CD44KO-BEC-mCD31) cells in Fig. 1, A and B .
Absence of CD44 Affects Selective Caspase Activation
Previous studies have indicated that CD44 plays a role in apoptosis (34 -40) . To investigate the effect of loss of CD44 on endothelial cells, we examined the levels and activation profiles of selected effector and initiator caspases.
Initiator Caspases-Although we observed that total caspase expression levels were similar in the different cell lysates studied (data not shown), we found that the initiator caspase-8 activation was decreased in CD44KO-BEC-VO cells compared with WT-BEC-VO cells, and its activities were rescued with recombinant mCD44 and mCD31 ( Fig. 2A) . In contrast, caspase-10 activation was not reduced in CD44KO-BEC-VO, and there was no effect of reconstitution of CD44KO cells with mCD44 or mCD31 ( Fig. 2B ).
Caspases Associated with Endoplasmic Reticulum (ER) Stress-Caspase-9 and -12, known to be activated following ER stress (41) , were also investigated. Activation of both caspase-9 and -12 was not affected by CD44 deficiency (Fig. 3, C and D) . Fulllength caspase-9 and -12 expression was not affected in the different cells studied (data not shown).
Mitochondrially Associated Caspases-To determine whether mitochondrially mediated caspase activation may be responsible for caspase-9 activation in CD44KO cells, Apaf-1 and cytochrome c levels were assessed. Neither Apaf-1 nor cytochrome c levels were changed in CD44KO-BEC-VO when examined (Fig. 2, E and F) .
Effector Caspases-As observed in Fig. 2 , we found that CD44KO-BEC-VO exhibited decreased effector caspase-3 but not caspase-7 activation compared with WT-BEC-VO cells (Fig. 2, G and H) . We also examined caspase-6, the other effector caspase; however, there was no active caspase-6 expression observed in WT-BEC-VO and CD44KO-BEC-VO cells as well as CD44KO-BEC-mCD44 and CD44KO-BEC-mCD31 cells (data not shown). Full-length caspase-3, -6, and -7 expression was not changed in the different cells studied (data not shown). Correspondingly, decreased initiator caspase-8 and effector caspase-3 and unaltered initiator caspase-10, -9, and -12 and effector caspase-7 and -6 were observed in CD44KO-BEC compared with WT-BEC (data not shown).
CD44-mediated Effects on Caspase Activation via Its Modulation of CD31 Expression
Having recently determined that CD44 presence or absence regulates CD31 expression levels in BEC and reconstitution of CD44KO with mCD31 rescues BEC junctional integrity and VE-cadherin and MMP-2 expression levels to WT levels (22), we hypothesized that the level of CD31 expression may also play a critical role in mediating the changes in caspase activation observed in CD44KO cells. To support this hypothesis, we utilized affinity-purified polyclonal antibodies (SL-4) directed at the ecto-domain of CD31 (31) to affect CD31 mediated cellcell interactions and examined WT-BEC morphologically (Fig.  3A) and for activation of caspase-3 and -8 (Fig. 3, B and C) .
Incubation of WT-BEC with anti-CD31 antibodies resulted in decreased cell-cell contact at early time points (24 h) compared with incubation with equivalent concentrations of immunoglobulin (Ig) isolated from preimmunized sera (Fig. 3A, top) . At later time points (48 and 72 h) , the cultures containing anti-CD31 antibodies exhibited a looser morphology with fewer cell-cell contacts (Fig. 3A, middle and bottom) . Determination of activation levels of caspase-3 and -8 at 72 h (Fig. 3A, bottom) revealed decreases in both caspases in cultures treated with anti-CD31 antibodies in a dose-dependent manner. In contrast, control cultures (0 g/ml) and the cultures treated with preimmune Ig exhibited no decreases in these caspases (Fig. 3, B and  C) . Full-length caspase-3 and -8 expression was not affected in the absence or presence of anti-CD31 antibodies as well as preimmune Ig (data not shown). To further explore the importance of CD31 as a modulator of caspase activation, we utilized CD31KO-BEC and CD31KO-LEC derived from the pulmonary microvasculature and CD31KO-LEC-transfected and stably expressing full-length murine CD31 (CD31KO-LEC-mCD31) (data not shown). As illustrated in Fig. 3 , D and E, the CD31KO-LEC exhibited decreased activation of caspase-3 and -8 as well as CD31KO brain endothelial cells. As observed in the CD44KO-BEC-VO cultures (Fig. 2, A and G) , activation levels of caspase-3 and -8 returned to WT levels upon rescue with reconstitution with recombinant mCD31 (Fig. 3, D and E) . Interestingly, the levels of caspase-3 and -8 activation correlated with the expression levels of CD31 (Fig. 3, F and G) . Fulllength caspase-3 and -8 expression was not affected in the absence or presence of CD31 (data not shown). Moreover, robust decreased cleaved caspase-3 ( Fig. 3H, left column) and caspase-8 ( Fig. 3H, right column) immunolocalization was observed in CD44KO-BEC ( Fig. 3H, middle row) and CD31KO-BEC ( Fig. 3H , third row) cells as compared with WT-BEC ( Fig.  3H, top row) by immunofluorescence staining.
CD44-mediated Hippo Pathway Regulates Endothelial Cell Survival
The increased proliferation rate and decreased caspase activation observed in CD44 and CD31KO cells suggest the possibility that these effects may be due in part to modulation of the Hippo pathway because CD44 has been associated with modulation of Merlin (16), a regulator of the Hippo pathway and recognized cell density (contact inhibition) (16, (42) (43) (44) (45) (46) . Additionally, CD44 deficiency's reduction in CD31 and VE-cadherin has been associated with a reduction in adherens and tight junction assembly (22) , leading to increased survivin expression, Ajuba inhibition of LATS, and translocation of YAP to the nucleus, leading to increased proliferation and reduced caspase activation (42, 43, 45, (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) .
To address this possibility, we performed immunofluorescence and Western blotting analyses of WT-BEC-VO, CD44KO-BEC-VO, CD44KO-BEC-mCD44, CD44KO-BEC-mCD31, CD31KO-BEC, CD31KO-LEC, and CD31KO-LEC-mCD31 cells. As illustrated in Fig. 4 , these cultures were examined using phase-contrast microscopy and immunofluorescence. WT-BEC-VO, CD44KO-BEC-mCD44, CD44KO-BEC-mCD31, and CD31KO-LEC-mCD31 cells exhibited a more uniform, cobblestone morphology, whereas CD44KO-BEC-VO and CD31KO (CD31KO-BEC and CD31KO-LEC) cells displayed a more variable, spindle morphology with occasional groups of cells present above the monolayer (Fig. 4, top panel) . Labeling with anti-CD31 ( Fig. 4, second panel) and anti-VE-cadherin ( Fig. 4, third panel) revealed a significant loss of CD31 and VE-cadherin staining in CD44 and CD31KO cells. F-actin labeling (Fig. 4, fourth panel) revealed staining patterns consistent with the phase-contrast morphology. Labeling with anti-survivin ( Fig. 4, fifth panel) and anti-YAP ( Fig. 4 , sixth panel) revealed increased nuclear staining in the CD44 and CD31KO cells. These data illustrate a reciprocal relationship of survivin and YAP nuclear staining with CD31 and CD44 expression in WT, CD44-and CD31-reconstituted, and CD44 and CD31KO cells (Fig. 4, fifth and sixth panels) .
These immunofluorescence data were confirmed by Western blotting. Specifically, CD44KO-BEC-VO and CD31KO-LEC both exhibited reduced VE-cadherin expression, whereas CD44KO-BEC reconstituted with either mCD44 or mCD31 and CD31KO-LEC reconstituted with mCD31 exhibited WT level expression ( Fig. 5, A and B) . Fig. 5 , C and D, illustrates increased survivin expression in CD44KO-BEC-VO and CD31KO-LEC cells, whereas CD44KO-BEC reconstituted with either mCD44 or mCD31 and CD31KO-LEC reconstituted with mCD31 exhibited reduced WT level expression. In Fig. 5 , E and F, Western blotting illustrates decreased cytoplasmic and increased nuclear YAP expression in CD44KO-BEC and CD31KO-BEC cells and increased cytoplasmic and decreased nuclear YAP expression in WT-BEC. Western blotting of WT-BEC, CD44KO-BEC, and CD31KO-BEC cultures revealed increased phospho-YAP (Ser-127) cytoplasmic levels in WT-BEC compared with CD44KO-BEC and CD31KO-BEC cultures (Fig. 5G ), which was confirmed in phospho-YAP (Ser-127) immunofluorescence analysis of WT-BEC, CD44KO-BEC, and CD31KO-BEC cultures (Fig. 5H ).
DISCUSSION
In physiological and pathophysiological conditions, CD44 plays a crucial role in cell proliferation and apoptosis via extracellular and intracellular signaling (16, 32, 34 -37, 39, 40, 60) as well as cell adhesion and migration (4, 5, 8, 9, 13, 19) . We recently have reported a novel role for CD44 in vascular endothelial cell integrity and permeability, namely its modulation of CD31 expression in vascular endothelial cells (20, 22) . These results suggested that loss of CD44 function would affect cell adhesion-mediated proliferation and apoptosis in part by affecting cell-cell contact. Regarding the role of CD44 in endothelial cell proliferation, it has been reported that anti-CD44 antibodies affected the proliferation of human umbilical vein endothelial cells (19) . However, a critical role of CD44 in endothelial cell proliferation has been controversial because it has been reported that there is no significant difference between WT CD44 and CD44KO lung endothelial cells in proliferation in in vivo studies (61) . Here we show novel CD44 regulatory control in vascular endothelial cell proliferation and survival mediated by CD44 modulation of CD31 and VE-cadherin expression via the Hippo pathway.
CD44 Plays a Key Role in Regulating Endothelial Cell Proliferation via Modulation of CD31-CD44 is a known modulator of cell adhesion, motility, proliferation, and survival mediated by ligand binding, which initiates a cascade of events encompassing adherence to extracellular matrix, binding to growth factors and matrix-degrading enzymes, complex formation with other transmembrane molecules, and association with cytoskeletal elements and signal-transducing molecules (4, 5, 8, 16, 62) . Previous in vivo studies have shown that endothelial cell proliferation was observed not to affect endothelial cell proliferation and survival in CD44 null mice (61, 63) . Using an in vitro approach, which allows for the examination of a single cell type under defined conditions without the potential of heterotypic cell-cell contacts or heterotypic cell-derived solid phase or soluble factors, we demonstrated decreased initial and increased secondary proliferation rates in CD44KO brain endothelial cells. In addition to the rescue of the proliferative phenotype by reconstitution with mCD44, we found that reconstitution with mCD31 also rescued the proliferative phenotype. In light of the decreased VE-cadherin and CD31 expression noted in the CD44KO cells (22) causing decreased intimate cell-cell contacts observed in cultures of CD44KO cells, we postulate that this results in a perturbation of juxtacrine and paracrine influences, accounting for the lower initial proliferation rate noted. Interestingly, the loss of intimate cell-cell contact in high density cultures, again caused by decreased VE-cadherin and CD31 expression in the CD44KO cells, correlated with decreased contact inhibition of the secondary proliferation rate. These alterations in proliferation rates are consistent with dynamic changes in cell-cell contacts, which in turn affect contact inhibition of proliferation (64) . Additionally, it is possible that interactions between CD44 and hyaluronan play a role in promoting endothelial cell contact inhibition at high cell density culture because CD44 expression was recently correlated with hyaluronan deposition in the intercellular space of endothelial cells (65) .
Having recently determined that CD44KO mice and endothelial cells derived from them exhibit reduced expression levels of CD31 and behave in many ways similar to CD31KO mice and endothelial cells (20, 22) , we investigated whether our findings of altered proliferation rates manifested by CD44KO endothelial cells were due to changes in CD31 expression levels mediated by the presence or absence of CD44 expression. Indeed, the initial and secondary proliferation rates expressed by CD31KO-BEC mirrored the proliferation rates noted for CD44KO-BEC. Reconstitution with either CD44 or, interestingly, with CD31 resulted in a return to WT proliferation rates. Similar to the effects of reduced expression levels of VE-cad- FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5363 herin, these findings are consistent with the modulation by CD44 of proliferation via regulation of CD31 expression and the subsequent changes in cell-cell interactions (22) mediated by CD31 modulation of MMP expression (66), GSK-3␤ activa-tion state (27) , ␤-catenin phosphorylation and localization (25) , and STAT family member phosphorylation (67) (68) (69) . Because CD44 is known to be capable of either positively or negatively modulating cell proliferation via regulation of Akt activation Deficiency of CD44 and CD31 imparts a more variable, spindle shape to the cells as well as altered F-actin labeling profiles that were abrogated by reconstitution with mCD44 or mCD31. Additionally, loss of VE-cadherin and CD31 labeling and increases in survivin and YAP labeling were found in the CD44KO and CD31KO cells that were abrogated by reconstitution with mCD44 or mCD31. Scale bar, 100 m. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 5365 (32, 70) , we examined the effects of CD44 and CD31 deficiency on the expression and activation of PI3K and Akt. Although total PI3K and Akt expression was similar in WT-BEC, CD44KO-BEC, and CD31KO-BEC (data not shown), we found that both CD44-and CD31-deficient BEC exhibited significantly decreased PI3K and Akt activation (data not shown), which correlated with decreased initial proliferative rates noted in both KO cell cultures at 72 h (Fig. 1, A and B) . Currently, we do not have any data relating to PI3K and Akt activation at later time points (120 -168 h) (Fig. 1, A and B) .
CD44 Regulation of Endothelial Proliferation and Apoptosis

We postulate that these changes mediate alterations in cellcell contact noted during culture, reducing the proximity of cells to each other and reducing juxtacrine and paracrine actions, which would facilitate a decreased initial proliferation rate. The increased later secondary proliferation rate in CD44KO-BEC can be explained by the loss of contact inhibition of proliferation due to decreased CD31-and VE-cadherinmediated cell-cell interactions (64) and possibly to increased MMP-2 expression (22, 66) and enhanced ␤-catenin targeting to the proteosome (27) , both of which have been observed in CD31KO-BEC. In addition to the cell growth curves, the results were confirmed using PCNA Western blot analyses as well as Ki-67 immunostaining.
Absence of CD44 Affects Selective Caspase Activation-CD44 is known to play a significant role in modulating apoptosis in lymphocyte populations (38, 40) . In light of this, we assessed the role of CD44 as a modulator of endothelial cell apoptosis using CD44KO and CD31KO endothelial cells and KO cells reconstituted with mCD44 and mCD31.
It is widely accepted that so-called effector caspases (caspase-3, -6, and -7) play a direct role in cell apoptosis (71) . Our results confirmed that active caspase-3 plays a key role in CD44-mediated apoptosis. On the other hand, CD44-mediated caspase-7 and caspase-6 activation was not observed. Interestingly, down-regulated active caspase-3 in CD44KO cells was rescued in the presence of mouse CD31, indicating the possibility of initiator caspase activation being mediated by a downstream signal of CD31. Effector caspase activation is initiated by initiator caspases (71, 72) , which are divided into three groups: (i) death receptor-mediated caspase-8 and -10 (72), (ii) ER FIGURE 6. Working model for the involvement of CD44 and CD31 in the modulation of proliferation and active caspase cascades in endothelial cells. A, in WT-BEC, in the presence of CD44, there is appropriate adherens junction formation that facilitates Merlin interactions with KIBRA and effectively sequesters Ajuba, a LIM family member that is an inhibitor of the Hippo pathway, activating the core Hippo pathway and allowing sequestration of phosphorylated YAP in the cytoplasm and allowing sequestration of phosphorylated YAP in the cytoplasm and ultimately proteosomal degradation. Tight junction formation also participates in sequestration of phosphorylated YAP in the cytoplasm via ZO-2. Thus, the presence of CD44 facilitates activation of the Hippo pathway, resulting in a suppression of proliferation and increased apoptosis. B, in contrast, in CD44KO-and CD31KO-BEC, CD31 expression is reduced (1) , which leads to reduction in VE-cadherin (2) . This in turn, facilitates Ajuba inhibition of LATS1/2. Additionally, the loss of adherens junctions causes a reduction in tight junction formation (3), resulting in a loss of ZO-2-YAP sequestration. CD44 deficiency also diminishes Merlin activation of the Hippo pathway. Thus, CD44 deficiency inhibits the Hippo pathway, allowing greater YAP translocation to the nucleus, eliciting increased survivin expression, decreased apoptosis, and increased proliferation. Our data and previously published material (16, 43, 45, 46, 58, 59) are consistent with this model. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 stress-specific caspase-9 and -12 (41) , and (iii) mitochondrially mediated caspase-9 activation via cytochrome c and Apaf-1 (71, 73) . (i) Active caspase-8 expression was suppressed in CD44KO cells as well as active caspase-3, and both were rescued by the expression of mouse CD44 and CD31 in CD44KO cells. These results confirmed that CD31 expression and active caspase-8 are related to each other, as we suggested in 2001 (23) . Thus, the attenuated activation of caspase-8 in the absence of CD44 is related to CD31 expression. (ii) ER stress-specific active caspase-9 and -12 were noted to be unaffected by the absence of CD44. To address these findings further, we examined the ER stress-mediated protein response using PERK (protein kinaselike endoplasmic reticulum kinase) as a surrogate for this process, and total PERK levels and PERK phosphorylation were unchanged (data not shown). (iii) Active caspase-9 is involved not only in ER stress but also in mitochondrially mediated apoptosis initiation (71) . Our results regarding cytochrome c and Apaf-1 expression suggest that mitochondrially mediated apoptosis initiation may not be altered in the absence of CD44 in endothelial cells. A potential mechanism explaining the effects of CD44 expression levels on endothelial cell apoptosis involves the effects of CD44 on VE-cadherin expression levels. In general, it has been found that cadherin expression negatively regulates survivin synthesis (57, 74) , and Iulrano et al. (55) have shown that VE-cadherin expression negatively regulates expression of survivin and induces contact inhibition in endothelia. Further, survivin has been shown to be a direct inhibitor of caspase-3 and -7 (56) . Because survivin is known to bind to and inactivate effector caspases (57, 74) , the decrease in VEcadherin in CD44KO-and CD31KO-BEC is consistent with our observation of increases in survivin increasing effector caspase inhibition.
Regarding the role of CD31 in modulating apoptosis, using antibodies directed against the ecto-domain of CD31, we have determined that this domain plays a key role as a regulator of initiator and effector caspases. Although the specific mechanism(s) underlying this process are currently ill defined, possibilities include the role of CD31 in affecting adherens junctions, including its role in regulating ␤-catenin tyrosine phosphorylation state, which affects its ability to interact with VE-cadherin (24, 27, 68, 75) , as well as its role in modulating the inhibition of LATS kinase, a component of the Hippo pathway, by binding to Ajuba, a LATS inhibitor (43); its role in regulating STAT phosphorylation, which can effect cytokine expression (69); its role in regulating the expression levels of matrix metalloproteinases, enzymes known to affect junctional integrity (66) ; and the potential role of CD31 expression levels to affect VE-cadherin expression (76) .
Additionally, CD31-mediated decreased VE-cadherin expression affects not only adherens junction formation and maintenance but also tight junction formation (22) . Reduced tight junction formation would then result in loss of YAP-ZO-2 binding (43) , resulting in increased YAP nuclear translocation, ultimately leading to increased induction of proliferation and loss of caspase activation in addition to increased survivin expression, as illustrated in Fig. 6 .
In summary, CD44 is a complex multifunctional molecule that can differentially regulate cell proliferative and apoptotic processes, depending, in part, on its ability to modulate the expression levels of CD31 and VE-cadherin ( Fig. 6 ). Here we have identified several CD31-and VE-cadherin-dependent mechanisms that affect proliferation and apoptosis. Mechanistic understandings of how CD44 alters each process via its modulation of CD31 and VE-cadherin are still ill defined. However, our data from CD44-deficient endothelial cells illustrate a role for CD44 in modulating proliferation and apoptosis through several mechanisms that involve CD31 and VE-cadherin ( Fig.  6 ) that may be applied to a variety of normal and disease states.
